Nuclear waste repositories are being installed in deep excavated rock formations in some places in Europe to isolate and store radioactive waste. In France, the Callovo-Oxfordian formation (COx) is a possible candidate for nuclear waste storage. This work investigates the applicability of CeO 2 -based oxides (CeO 2 , Ce 0.8 Sm 0.2 O 2 and Ce 0.8 Zr 0.2 O 2 ) for monitoring the pH of the COx pore water. The study is limited to the pH range between 5.5 and 13.2, which includes the pH values that have been encountered or are anticipated in the COx formation during its evolution as radioactive waste repository due mainly to alkalinisation, an increase in salinity, a decrease in redox potential. Screen-printing was done to assemble electrodes and rapidly generate data sets. The electrochemical behavior of CeO 2 -based screen-printed electrodes (CeO 2 -based SPEs) was determined by cyclic voltammetry and electrochemical impedance spectroscopy. The use of the electrodes for pH sensing was then evaluated by potentiometric measurements. The feasibility of measuring pH with CeO 2 -based SPEs was first tested in NH 4 Cl/NH 3 buffer solutions, leading to electrode calibration over the widest range of pH, from around neutral to basic pH. Experiments were then conducted in NaHCO 3 /Na 2 CO 3 buffer samples similar to conditions prevailing in the COx formation.
Introduction
Radioactive waste repositories are being installed in deep excavated rock formations in some places in Europe to isolate and store radioactive waste. It is therefore necessary to measure, in situ, the health of the structure throughout its life. The near-field rock can be monitored and knowledge of any geochemical transformations can be acquired using sensors, thus enabling the sustainable management of long-term safety, reversibility and retrievability [1] . The most significant chemical parameters are pH, conductivity and redox potential.
pH is one of the most important parameters characterizing samples [2] . Extensive efforts have been devoted to developing highly sensitive analytical procedures for measuring pH. There is, however, an increasing need for sensing probes for continuous measurements on site and their development represents a serious challenge in terms of accuracy, repeatability and particularly robustness.
Based on reversible interfacial redox processes that involve protons [3, 4] , metal oxide potentiometric electrodes have been regarded as the most promising technologies for pH measurements [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] due to their intrinsic mechanical stability with regard to temperature, pressure and aggressive environments [3, 20] . Furthermore, oxide-based electrodes have the advantage of being easily miniaturized [3, 20, 21] . Niedrach (1980 a,b) was the first to report on the application of zirconium oxide (zirconia, ZrO 2 ) membrane-type potentiometric sensors for pH measurements [22, 23] . However, this membrane electrode exhibited only a near-Nernstian-pH response at high temperatures [24, 25] and, because of their high impedance [26] , pH sensors with zirconia membranes were reported to exhibit sluggish and sub-theoretical responses at temperatures below 150 °C [27] .
The study of new zirconia-based materials with higher ionic conductivity should extend the operating temperature limits.
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highest oxide ion conductivity [28] . Samarium-substituted ceria ceramic membrane-type pH sensors have been reported to exhibit a Nernstian slope in buffer solutions at 75 °C [31, 32] . It would, therefore, be of great interest to use binary compositions, especially Zr-substituted ceria oxides, to improve the sensitivity of sensors for pH monitoring at lower temperatures.
In the study reported here, the possible use of a CeO 2 -based electrode (CeO 2 -, Ce 0.8 Sm 0.2 O 2 -and Ce 0.8 Zr 0.2 O 2 -based screen-printed electrodes SPEs) was investigated for continuous pH measurements. An Sm-substituted ceria oxide composition was synthesized as described by Balazs and Glass (1995) [28] and was also studied for Zr-substituted ceria oxide. Moreover, these Ce-rich compositions preserved the cubic fluorite lattice of CeO 2 , which has beneficiary properties such as high Oxygen Storage Capacity (OSC) [33] . The screen-printing process was chosen as the most appropriate technology for assembling reproducible electrodes [34, 35] and rapidly generating data sets. This technology has been used to develop electrodes based on PdO, TiO 2 , PtO 2 [14] , RuO 2 [14, 36] and CoO 2 [37] . Of these, the RuO 2 -and CoO 2 -based electrodes were reported to be the most sensitive. Nevertheless, carbon-based mass-modified RuO 2 screen-printed electrodes only exhibited a near-Nernstian behavior -(51.2  0.1) in the non-alkaline pH range (2-7) [14] . In comparison, ruthenium dioxide-glass hal-00665325, version 1 -10 Feb 2012 composite demonstrated a Nernstian behavior between pH 2 and 12 and therefore might be used as a pH sensor [36] . However, these electrodes only exhibited long-term mechanical stability between pH 5 and 9, probably due to mechanical strain owing to pH-dependent expansion and contraction of a hydrated phase within the composite. Concerning the CoO 2 -based electrodes, the optimization of both the nature and the amount of the incorporated salt led to an electrode exhibiting a Nernstian behavior in the pH range 2-12. Moreover, these electrodes worked for 5 days at pH 4 with a relative standard deviation of about 10 %.
However, their robustness for alkaline pH has not been verified.
In this study, CeO 2 -based SPE performance levels, reliability and robustness for pH determination were investigated by potentiometric measurements at 25 °C. Only the pH range that includes previously encountered or anticipated pH values in the Callovo-Oxfordian formation (Cox) during its evolution as a radioactive waste repository (pH 6 to 13) were studied. The feasibility of the pH electrodes was first tested in NH 4 Cl/NH 3 buffer solutions, which led to electrode calibration over the widest range of pH, from around neutral to basic pH. Experiments were also conducted in NaHCO 3 /Na 2 CO 3 buffer samples similar to conditions prevailing in the COx formation [38] .
Materials and methods

Synthesis of CeO 2 -based powders
Cerium oxide (CeO 2 , Ce 0.8 Sm 0.2 O 2 and Ce 0.8 Zr 0.2 O 2 ) powders were synthesized using procedures similar to those previously described [39] . hal-00665325, version 1 -10 Feb 2012
Sensor assembly
Ink preparation
CeO 2 -based inks were prepared by adding CeO 2 -based powders (CeO 2 50% (w/w)) directly to a commercial carbon-based ink (Electrodag PF 407A from Acheson, a mixture of carbon black (particle size lower than 1 µm) and graphite carbon (particle size ranging from 8.5 µm (255 10 -6 inch) to 18 µm (540 10 -6 inch). The mixture was stirred by hand for 5 min prior to the printing process.
Screen-printing
A manual screen-printer (from Circuit Imprimé Français, France) was used to make the sensors. An array of six electrodes was printed on 1 mm-thick polystyrene plates (Sericol) by forcing the conductive ink through the mesh of a polyester screen stencil (77 threads cm -1 , Circuit Imprimé Français, France).
After drying (1 h at room temperature) and curing (1 h in an oven at 60 °C), a layer of insulation (a thin layer of polystyrene dissolved in mesitylen (Fluka Analytical, France), which evaporates slowly, in two days, at room temperature) was spread by hand over the conductive track (20 mm x 1 mm), leaving a 9.6-mm 2 working disk area and a 25-mm 2 square tip for electrical contact (Fig. 1 ). In accordance with Cagnini et al. (1995) [40] and Koncki et al. (1997) [14] , the typical thickness of the film was around 20 µm. The screen-printing process enabled the assembly of small batches of approximately 20 electrodes.
Unmodified carbon-based SPEs (C SPEs) were also prepared by screen-printing with the commercial ink without any modification in order to compare the properties of CeO 2 -based 
Results and discussion
SPE assembly and electrochemical characterization
Electrode assembly
The screen-printing process was selected as the most appropriate technology for making reproducible electrodes [34, 35] and rapidly generating data sets. It involves transferring a thin layer of a conductive ink onto a rigid substrate through the mesh of a screen pattern [41] .
Polyester screens are usually used for printing, with patterns designed in accordance with the analytical purpose in mind [42] . The ink is made up of (i) the active material, which ensures conductivity: a powder of conductive particles (maximal particle size: 10 µm), (ii) a binder, were done with five different electrodes.
Potential range
The potential range, which is the window of potential values in which the reduction or oxidation of species can be observed, determines the electrode polarization domain [43] . The reduction of protons (towards H 2 ) determines the polarization domain towards the negative potentials, whereas oxidation of (i) the water (towards O 2 ) or (ii) the electrode material constitutes the positive limit.
SPE potential ranges were determined from the voltammograms obtained by CV (Fig. 2 ).
CeO 2 -based SPEs have a potential window as wide as those of unmodified carbon-based SPEs, ranging from -0.1V/NHE to +1.4V/NHE. This shows that these electrodes behave as almost inert materials working over a wide potential range at a given pH.
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Capacitive current
Capacitive current values were obtained for E = 0.7 V/NHE from the voltammograms recorded by CV (Table 2 ). In agreement with the literature, C SPEs have a very low capacitive current [42, 44] . A similar result was obtained for CeO 2 SPEs, due to the high exchange current density of CeO 2 [28] .
Cerium substitution by samarium or zirconium led to an increase in the charging current by factors of 6. was of the same order of magnitude as that of the solid electrodes [44] , which meant that high-input impedance equipment was not needed for subsequent measurements. These results suggest a greater sensitivity of the newly assembled SPEs compared to those described in the literature [23-25, 27, 45] , which work at temperatures below 150 °C.
Conductive properties
The study of the conductive properties of each type of SPE involved comparing the cyclic voltammograms obtained with the SPEs and the electrochemical behavior of Fe(III)/Fe(II) using the ferrocenylmethyl-trimethyl-ammonium hexafluorophosphate probe [46] .
The difference |ΔE| (Table 3) made it possible to estimate the reversibility at the electrode of the well-known reversible redox phenomenon.
The cathodic and anodic peak currents are the same and reproducible (relative standard deviation, RSD < 5 %) for all types of SPEs, which shows the reversibility of the redox phenomenon at the working surfaces. Measured |E| values were close to the theoretical values for rapid electron transfer (56 mV) [43] , which shows that no decrease in the electron transfer rate is observed when electrodes were modified by CeO 2 -based oxides.
Electrochemical impedance measurements and their interpretation
Impedance measurements were performed to investigate the elementary phenomena encountered at the electrolyte/electrode interfaces of CeO 2 -based SPEs. They were compared to those obtained with C SPEs. After modeling, using the EIS data obtained on the four disk-shaped oxide SPEs, two possible EECs are established (Fig. 4) . It appears that all of the EIS diagrams can be described by these two EEC for all electrodes (Fig. 4) . Both diagrams are the same (each EEC model was well fitted to data). Almost all of the parameters were obtained with an error lower than 5%. On 
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The results demonstrate the possible use of CeO 2 -based SPEs as electrochemical sensors and suggest higher sensitivity than with the ceria-, samaria-or zirconia-based electrodes described in the literature [23-25, 27, 45] . Their properties were therefore investigated for pH potentiometric measurements.
Analytical performance and robustness of CeO 2 -based SPE pH sensors
The performance, reliability and robustness of CeO 2 -based SPEs for pH determination were studied using potentiometric measurements at 25 °C (the ambient temperature in the COx formation). Only pH values similar to those that are anticipated in the COx formation when used as a radioactive waste repository were studied. Investigations were first done in NH 4 Cl/NH 3 buffer solutions, after which the electrodes were calibrated for the widest pH range, from around neutral to basic pH. A carbonate/hydrogenocarbonate buffer system was then used since carbonate system equilibria constrain the pH of the clay rock's pore-water [38] .
Feasibility study
The feasibility of measuring pH with CeO 2 -based-SPEs was first tested in NH 4 Cl/NH 3 buffer solutions for a pH ranging from 7.2 to 10.8 (Fig. 5) . The results were compared to those of C SPEs in order to determine whether the Ce-based oxides were of interest. Measurements for increasing and decreasing pH values were taken for 5 minutes, at a rate of one reading every Zirconia membranes have been reported to be ideally suited to pH measurements at temperatures higher than 150 °C [24, 25] . Sm-substituted ceria ceramic membrane-type pH sensors have been shown to have a Nernstian slope in buffer solutions at 75 °C [31, 32] . It is worth noting that the previously mentioned studies [31, 32] 
Repeatability and reproducibility
Repeatability was verified by carrying out repeated analyses with the same sensor in NH 4 Cl/NH 3 buffer solutions (pH 7.6 and 8.6). Measurements were done for two hours at a rate of one reading per minute. RSD was  5% after 120 analyses, indicating that each type of SPE is reusable.
Reproducibility using different CeO 2 -based SPEs was determined by producing a series of pH literature. Work is now being done to develop reproducible pH screen-printed electrodes that can be used without preliminary calibration. CeO 2 -based oxide coated SPEs made by sputtering is foreseen.
Storage stability
The storage stability was studied by comparing the SPE analytical slopes in NH 4 Cl/NH 3 buffer solutions of freshly printed electrodes with those obtained with electrodes from the same batch that had been stored ten months at 25 °C (i) in the ambient air and (ii) in a N 2 inert glove-box. The conditions described above were used to compare the influence of carbon oxidation by atmospheric O 2 (g) and H 2 O(g).
Except for the unmodified carbon electrodes that were stored in the ambient air, for which the RSD on each measurement increased (from 5 ≤ RSD to RSD ≤ 15 %), probably due to irreproducible carbon oxidation that led to the appearance of pH-sensing OH/COOH groups on the working surface, no significant difference in the pH potential slope was observed after the electrodes had been stored for 10 months. This (i) increases both the interest of and the stability of CeO 2 -based oxides and (ii) suggests that the electrodes stored in a vacuum (to minimize carbon oxidation that would increase carbon hydrophilic properties [50] [51] [52] ) were well-suited to being integrated in an automated on-line analysis system for continuous monitoring without the need for maintenance over long periods.
Hysteresis effect
Solid oxide electrodes are subject to non-ideal effects such as hysteresis or memory effects that decrease the electrode accuracy and/or sustainability [3, 53, 54] . According to Bousse et al. (1990) [53] , hysteresis or memory effects can be regarded as a delay of the voltage response versus pH.
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Successive measurements were therefore taken using various devices for increasing and decreasing pH values in NH 4 Cl/NH 3 buffer solutions to study the hysteresis effect of the sensing devices. Experiments carried out two times with the same electrode in both directions, from pH 7.2 to 10.8, indicated that there was no hysteresis with regards to the sensitivity of CeO 2 -based SPEs (RSD ≤ 0.8%, n=4 slopes for each electrode), showing that this kind of sensors is of interest for continuous measurements.
Influence of carbonate/hydrogenocarbonate buffer system and ionic strength
The potential developed by oxide-based electrodes is mainly the result of the hydrogen ion but can be modified by the presence of some complexing ions and/or their concentrations [55] . The influence of the carbonate/hydrogenocarbonate buffer system on the analytical response of the CeO 2 -based SPEs was studied because carbonate system equilibria constrain the pH of the clay rock's pore-water [38] . Ionic strength was also investigated. Potentiometric measurements were done in NaHCO 3 /Na 2 CO 3 , at ionic strengths ranging from 0.05 to 0.2 mol L -1 (Fig. 7) . hal-00665325, version 1 -10 Feb 2012
Calibration curves under atmospheric and anoxic conditions
In addition to measurements done under atmospheric oxygen saturation (with PO 2 about 0.2 atm) while the influence of the O 2 /H 2 O redox couple was being studied, several measurements were also done in a glove box (GB) in an oxygen-free atmosphere (100 % nitrogen) at 25 °C.
These were done with reference to the anticipated decrease in the redox potential in the COx pore water caused by the decrease in the O 2 concentration. Figure 8 SPEs were shown to reach the performance levels of those previously described in the literature [14] and to be more robust for semi-continuous measurements in alkaline media [36, 37] . The reference electrode should be optimized for sustainability and robustness as was done with the sensors developed by Palchetti et al. (2000) [58] for field measurement of traceelements.
Conclusions
This study investigated the possible use of Of the three types of electrodes studied, Ce 0. 
